Human lymphatic filariasis, a mosquito-borne tropical disease, is caused by pathogenic nematodes such as Wuchereria bancrofti, Brugia malayi, and Brugia timori. Chronic diseases caused by such metazoan parasites often inflict crippling morbidity and debilitating disability with profound economic, social, and political consequences. It is one of the most complex infections of human beings, presenting with diverse clinical outcomes. The most intriguing aspect from an immunological perspective is that infected subjects (largely free of overt symptoms) display marked defects in antigen-specific T-cell proliferation and ability to produce interferon-γ in response to stimulation with parasite antigens in vitro [1] . This antigen-specific T-cell anergy appears to be a general hallmark of patency in helminth infections, including filariasis and schistosomiasis [1] [2] [3] [4] . To comprehend the intricate immunological interactions at the host-parasite interface, it is critical to examine both specific responses of hosts to parasites/parasite antigens/parasite products as well as responses of diverse cell populations of host immune systems to the above-mentioned elements. Regulatory cytokines [5] , altered function of antigen presenting cells (APCs) [6, 7] , nitric oxide synthase [8] , apoptosis of T lymphocytes [9, 10] , dendritic cells (DCs) [7] , and natural killer (NK) cells [11] have been investigated, but no single aspect has been found to be dominantly responsible for the observed immune unresponsiveness.
Peripheral blood monocytes represent one of the major classes of APCs and play a critical role in the innate response of vertebrate hosts to bacterial, fungal, parasitic, and viral infections [11, 12] . Whereas the mechanism underlying immune unresponsiveness in human lymphatic filariasis continues to be debated, monocytes of infected patients have been demonstrated to be a major source of interleukin 10 (IL-10) production [13] . Furthermore, monocytes have been found to be studded with membrane-bound filarial antigens in infected subjects in lymphatic filariasis [14] . This is not surprising, as during the prolonged course of infection (often over several years), monocytes encounter circulating filarial antigens (CFAs) in peripheral circulation, a constant source of antigens. We recently demonstrated that filarial antigens actively bind to Toll-like receptor 4 (TLR4) and that saturation of this innate receptor during active filarial infection leads to decreased lipopolysaccharide (LPS)-induced activation of monocytes from infected individuals [15] . However, the consequences of membrane-bound filarial antigens on monocyte function are yet to be addressed comprehensively.
In the present communication, we demonstrate that filarial antigens contribute to suppression of normal T-cell proliferation through induction of apoptosis of human monocytes and, more important, provide evidence to suggest that filarial antigen-induced apoptosis of monocytes/macrophages probably involves TLR4-mediated signaling. Our results further reveal that monocytes of normal and filarial infected individuals are qualitatively and functionally different, making them susceptible or resistant, respectively, to filarial antigen-induced apoptosis. In addition, the present study has highlighted one of the inherent methodological limitations in approaches commonly adopted by human immunologists while setting up functional in vitro studies using peripheral blood mononuclear cells (PBMCs).
MATERIALS AND METHODS

Study Population
We considered cohorts of individuals drawn from areas in and around Bhubaneswar in the state of Orissa, India, where lymphatic filariasis is endemic. The study population included individuals with asymptomatic filarial infection and endemic controls/uninfected individuals. The infected individuals were positive for microfilariae by calibrated thick smear examination, filarial antigen by immunochromatographic test (Binax), and CFAs by Og4C3 assay (TropBio). The control group of individuals was negative for CFAs and had no history or symptoms of filarial infection. Informed consent was obtained from all participants, and they were examined as part of a clinical protocol approved by the institutional review board of the Regional Medical Research Center and Institute of Life Sciences.
Isolation of PBMCs
Human PBMCs were isolated from heparinized venous blood samples by Lymphocyte separation medium (LSM) (MP Biomedicals) density gradient centrifugation. The PBMCs were washed and cultured in sterile Iscove's modified Dulbecco's medium (IMDM; Sigma) supplemented with 20 mM of L-glutamine (ICN), 10% of autologous or heterologous plasma, and antibiotics (100 IU/mL penicillin and 100 µg/mL streptomycin; Sigma).
Purification of CD14 + Monocytes
The CD14 + monocytes were isolated by negative selection, using RosetteSep Human Monocyte Enrichment Cocktail (STEMCELL Technologies, catalog number 15028) according to the manufacturer's instructions. The viability of enriched monocytes was >96% as determined by Trypan blue staining and purity was close to 90%, assessed using CD14 fluorescein isothiocyanate (FITC) antibody and flow cytometry.
Parasite Antigen
Somatic antigens from the adult worms of Brugia pahangi (BpA) were extracted from lyophilized adult worms ( provided by the University of Glasgow, United Kingdom) by homogenization and ultrasonication. The final soluble BpA in sterile phosphate-buffered saline was confirmed to be free of endotoxin, using Limulus amebocyte lysate assay (Endotoxin Detection Kit, MP Biomedicals).
T-Cell Proliferation Assay
The PBMCs were cultured in 96-well tissue culture plates (Nunc) at a density of 2 × 10 6 cells/mL and stimulated with phytohemagglutinin (PHA) or cocktail of anti-CD2, -CD3, and -CD28 antibodies (T-cell activation kit, Miltenyi Biotech) separately. Proliferation was scored after 72 hours by 3 H thymidine uptake assay (using 3 H thymidine at 1.0 µCi/well) or carboxyfluorescein succinimidyl ester (CFSE; Sigma) dilution assay (using CFSE at 1 µM concentration).
Flow Cytometry and Assays for Apoptosis
Cells were subjected to appropriate staining according to the manufacturer's instructions. Up to 50 000 events were acquired per sample using a BD FACSCalibur (Becton Dickinson) flow cytometer, and analysis was done by using CellQuest Pro software. In case of human PBMC samples, the monocyte populations were identified and gated using anti-CD14-FITC antibodies. The lymphocyte population was primarily identified on the basis of their consistent Forward Scatter and Side Scatter parameters and further confirmed using anti-CD3-phycoerythrin (PE) and anti-CD19-Allophycocyanin (APC) antibodies. Mouse bone marrow-derived macrophages (BMDMs) were identified and gated using CD11b-APC antibodies. The following 3 flow cytometric assays were used for detection of apoptosis.
Annexin V-PE and 7-Aminoactinomycin D Staining The externalization of phosphatidyl serine was detected by staining with annexin V-PE and 7-aminoactinomycin D (7-AAD) according to the instructions of the manufacturer (BD Biosciences).
TUNEL Staining
Fragmentation of chromosomal DNA was detected by TUNEL staining using the APO-Direct Kit according to the manufacturer's instructions (BD Biosciences).
Intracellular Staining for Activation of Caspase-3 Activation of caspase-3 was detected by anti-active caspase-3-PE antibodies (BD Biosciences) after paraformaldehyde fixation and permeabilization of cells using 1× permeabilization buffer (eBioscience).
In Vitro Culture of Bone marrow derived macrophages (BMDMs) From Mice
Mice (C3H/OuJ and C3H/HeJ) were obtained from the National Institute of Immunology (New Delhi). Bone marrow cells were collected from femoral shafts by flushing with 3 mL of cold IMDM (Sigma) containing 10% fetal bovine serum (FBS). The cell suspension was passed through a sieve followed by density gradient centrifugation using LSM. The cells were then allowed to adhere in a 24-well tissue culture plate (Nunc) overnight, and nonadherent cells were removed by gentle washing with culture medium. Adherent cells were subsequently treated with BpA for 24 hours and screened for induction of apoptosis.
TLR4 Transfection Assay
Transient transfection with TLR4 plasmid was carried out in TLR4-sufficient (RAW 264.7) and TLR4-deficient (23 ScCr) murine macrophage cell lines. Twenty-four hours before transfection, cells were suspended in RPMI 1640 media (Sigma) with 10% FBS at a density of 1 × 10 5 cells/mL. Five micrograms of TLR4 plasmid DNA (a gift from Dr Satish Devdas, Institute of Life Sciences, Bhubaneswar), was transfected into separate sets of cells using SuperFect transfection reagent (Qiagen) as per the manufacturer's instructions.
Statistical Analysis
Paired comparisons were conducted using paired t test, and all data are presented as mean ± SEM. Differences were considered significant at 95% confidence levels. All statistical analysis was performed with Graph Pad Prism, version 5.0 (Graph Pad Software).
RESULTS
Filarial Antigen (BpA) Induces Apoptosis in Peripheral Blood Monocytes
The observations made by Semnani et al, that monocytes of filarial-infected subjects have membrane-bound as well as intracytoplasmic filarial antigens, suggested that monocytes of individuals with active filarial infection function under continuous exposure to circulating filarial antigens [14] . We further demonstrated that this interaction is mediated through TLR4 on human monocytes and as a consequence, filarial antigens saturate surface TLR4 on monocytes of infected subjects [15] . In the current study, we addressed the issue of biological consequences of this interaction in terms of induction of apoptosis of monocytes by BpA. Normal human PBMCs were incubated with BpA followed by annexin V-PE-7-AAD staining. The results shown in Figure 1A and 1B suggest that BpA treatment induces significant apoptosis of normal human monocytes. However, normal lymphocytes as well as monocytes and lymphocytes of . Data points represent mean ± SEM (n = 10). **P < .05 by paired t test; ***P < .05 by paired t test.
filarial-infected subjects were found to be resistant to filarial antigen-induced apoptosis at equivalent doses, thus also establishing the specificity of BpA-mediated apoptosis of normal monocytes.
Filarial Antigen (BpA)-Induced Apoptosis of Monocytes Is Mediated Through TLR4
We had earlier demonstrated that filarial antigens bind to TLR4 directly and blocked LPS-mediated activation of monocytes through TLR4 [15] . We hypothesized that the induction of monocyte apoptosis by BpA observed in this study could have been triggered by filarial antigen-mediated activation of monocytes through TLR4. This can be tested directly by incubating monocyte/macrophage cell lines with filarial antigens after up-regulating or silencing their TLR4 expression. We opted for the former approach of overexpression of TLR4 in a TLR4-sufficient (RAW264.7) and a TLR4-deficient ( H thymidine incorporation assay ( Figure 3B ). These observations suggest that BpA-induced apoptosis of monocytes can contribute to poor APC function, leading to impaired proliferative responses to mitogenic stimulation by PHA. Filarial parasites have been shown to influence DCs [7] , and hence it is possible that DCs may have contributed to the observed impairment in T-cell proliferation and APC function. However, contribution of DCs can be expected to be minimal as their frequency in human PBMC preparations is a log order less than monocytes. The effect of BpA on APC-independent T-cell proliferation was tested by stimulating normal human PBMCs with antibodies to CD2, CD3, and CD28. Because such antibody cocktail-mediated proliferation of T cells is APC independent, we reasoned that BpA-induced monocyte apoptosis would have no adverse effect on T-cell proliferation. The results shown in Figures 3D and 3E confirmed that, unlike PHA-induced Tcell proliferation, APC-independent T-cell proliferation was not adversely influenced by BpA.
Plasma of Microfilaremic Subjects Induces Apoptosis of Monocytes and Mediates Suppression of T-Cell Proliferation
Presence of high levels of CFAs is a unique and consistent feature of subjects infected with bancroftian filariasis. Because BpA-induced apoptosis of monocytes was found to influence APC function, we examined if plasma of filarial-infected individuals (containing CFA) could influence proliferation of normal human T cells. This was tested by stimulating PBMCs from normal healthy individuals with PHA in the presence of plasma samples of normal or filarial-infected individuals. Proliferation of T cells was scored by 3 H thymidine uptake assay. Pooled as well as individual plasma samples of microfilaremic subjects ( Figure 4A and 4C) significantly inhibited PHA-induced proliferation of normal human T cells, whereas no such proliferative suppression was observed when PBMCs of healthy subjects were incubated with normal human plasma ( Figure 4B ). The possibility of induction of apoptosis of monocytes by plasma of microfilaremic individuals as an underlying cause of the observed suppression of T-cell proliferation was then examined. Normal human PBMCs were cultured in vitro with autologous plasma or heterologous normal plasma (HNP) or plasma of infected subjects (HIP), and apoptosis of monocytes was scored by TUNEL assay (Figure 5A-C) and by intracellular staining for active caspase-3 ( Figure 5D-F) . Significant induction of apoptosis of normal human monocytes was observed when incubated with HIP but not when cultured with HNP. Furthermore, the results shown in Figure 5G indicate that purified normal CD14 + monocytes also undergo apoptosis in presence of CFA + plasma. The levels of transforming growth factor-β and IL-10 in plasma of microfilaremic subjects did not correlate with inhibition of T-cell proliferation mediated by HIP (data not shown). These results, along with our earlier observations on apoptosis mediated by BpA, suggest that filarial antigens present in plasma of infected individuals induce apoptosis of monocytes, leading to a defect in T-cell proliferation.
PBMCs of Microfilaremic Subjects Are Qualitatively Different From Those of Normal Subjects
The physiological relevance of BpA-induced apoptosis of normal human monocytes was investigated in filariasis-infected subjects. The logic was to test if immune hyporesponsiveness of T cells observed in human filariasis could be due to induction of apoptosis of monocytes leading to defective APC function. and TLR4 transfected (F ). Data points represent mean ± SEM, with n = 5 (C) and n = 3 (G). **P < .05 by paired t test; ***P < .05 by paired t test. H-L, Bone marrow cells of mice were harvested and cultured for 24 hours for adherence. Cells incubated with BpA (10 µg/mL) for 24 hours were harvested and subjected to annexin V-PE-7-AAD staining followed by flow cytometric analysis. Contour plots demonstrating apoptosis in bone marrow-derived macrophages (BMDMs) of C3H/OuJ mice-unstimulated control (H); BpA-treated (I) and C3H/HeJ mice-unstimulated control (J); BpA treated (K). L, Data points represent mean ± SEM (n = 5). ***P < .05 by paired t test. . A-C, PBMCs were stimulated with phytohemagglutinin (PHA) or PHA and filarial antigen (10 µg/mL and/or 25 µg/mL, respectively) in presence of autologous plasma and scored for proliferation by Carboxyfluorescin succinimidyl ester (CFSE) dilution assay (A and C) and 3 H thymidine uptake assay (B). D and E, CFSE-pulsed PBMCs were subjected to activation with a cocktail of anti-CD2, -CD3, and -CD28 antibodies or with the same cocktail in the presence of 5, 10, or 25 µg/mL BpA. A and D, Representative histogram plots demonstrating proliferation of normal PBMCs (revealed by an additional peak with reduced fluorescence) gated as M1. CFSE-pulsed PBMCs unstimulated with any of the above agents was used as control. B and C, Bar diagrams demonstrating proliferation of normal human PBMCs in presence of PHA alone or PHA with BpA 3 H thymidine uptake assay in terms of counts per minute (CPM) (B) and CFSE dilution assay (C). Data points in represent mean ± SEM of 5 independent experiments. ***P < .05 by paired t test. E, Bar diagram representing proliferation of normal human PBMCs in presence of anti-CD2, -CD3, and -CD28 antibodies alone or with BpA in CFSE dilution assay. Data points represent mean ± SEM of 3 experiments.
PBMCs of microfilaremic subjects were stimulated with PHA, and T-cell proliferation was scored. The overall proliferative response of PBMCs of microfilaremic individuals was significantly less when compared with normal individuals ( Figure 6A ). However, contrary to observations made with normal human PBMCs in the current study, there was no significant inhibition of PHA-induced proliferation of PBMCs of infected subjects by plasma of infected subjects ( Figure 6B and 6C) . Furthermore, monocytes of microfilaremic individuals were found to be resistant to BpA-induced apoptosis ( Figure 1B) , suggesting that monocytes of microfilaremic individuals are tolerant to filarial antigen-induced apoptosis. We propose that persistent exposure to antigens during chronic filarial infections may have selected a population of monocytes that are resistant to filarial antigen-induced apoptosis. Phenotypic differences between monocytes of normal and infected subjects could also be demonstrated. Significantly lower levels of circulating CD14 + CD16
+ classical monocytes were observed in microfilaremic subjects (CFA + ) in comparison with endemic control subjects (CFA -) ( Figure 6D ). There was, however, no significant difference in frequency of CD14 + expressing monocytes ( Figure 6E) and intensity of CD14 expression on monocytes (Supplementary Figure 1 ) between CFA + and CFA -cases, suggesting a decrease or loss of CD16 on CD14 + cells in subjects with active filarial infection (ie, CFA + cases).
DISCUSSION
Among the many existing explanations for parasite specific T-cell hyporesponsiveness observed in humans with filarial infections, the least investigated and most poorly understood aspect has been the role of APCs, particularly circulating ) subjects. A-C, Plots represent data for 5 independent experiments. D and E, Data points represent mean ± SEM (n = 5). **P < .05 by paired t test; ***P < .05 by paired t test.
monocytes. Although attention has been focused on altered macrophage function in several animal models of filarial infection [17, 18] , whether these findings have parallels in human monocyte function remains unclear. Dysfunction of human DCs mediated by live microfilariae or microfilariae antigens has been reported [7, 19, 20] . However, whether these observations made with APCs of normal healthy individuals will be similar for APCs of filarial-infected individuals has not been addressed. Moreover, during host parasite interactions, both parasites and host cells exploit apoptosis, the best-known form of programmed cell death as a weapon to gain advantage over the other. In this context, the parasite/parasite antigen-induced apoptosis of different cells of host immune system, for example, T lymphocytes [21] [22] [23] , B lymphocytes [24, 25] , monocytes/ macrophages [26] [27] [28] [29] , NK cells [11] , and DCs [7, 19] , has been studied extensively by other investigators. More specifically, in experimental filarial models, several studies related to apoptosis of host cells (eg, murine CD4 + T cells [9] , human lung epithelial cells [30] , DCs [7, 19] , and NK cells [11] ) have been reported, but the role of apoptosis of monocytes is yet to be documented. The present study was specifically undertaken to fill this lacuna by addressing apoptosis of monocytes by filarial antigens and its contribution to T-cell hyporesponsiveness in both healthy and infected individuals. Conventionally, in vitro studies performed with PBMCs of normal hosts and pathogens or their products are used to understand the status of adaptive T-cell responses in infected subjects [7, 11, 19, 20] . However, such approaches often overlook the possibility that PBMCs of normal and infected individuals are usually exposed to distinctly different milieu in vivo, as a consequence of host-parasite interaction in the case of the latter. Hence, cells of infected individuals could be qualitatively different and may not be amenable to similar mechanisms of immune response as those of normal individuals with respect to response to parasite/parasite products, especially in chronic infections such as lymphatic filariasis, tuberculosis, human immunodeficiency virus (HIV) infection, and so forth. In the present study, we dissected the differences between the 2 scenarios by incubating PBMCs of both normal and microfilaremic individuals with normal human plasma and plasma of infected subjects, as well as filarial antigen, to study their effect on T-cell proliferation and apoptosis. Filarial antigen (BpA) specifically induced apoptosis of normal human monocytes. This apoptotic death of normal human monocytes mediated by BpA and plasma of filarial-infected individuals was found to result in defective APC function, leading to suppression of mitogen (PHA)--induced proliferation of normal human PBMCs. The latter part of the present study was designed to specifically investigate whether consequences of filarial antigen-mediated apoptotic death and the resulting suppression in T-cell proliferation observed with normal PBMCs will be valid for PBMCs of subjects with active filarial infection. Unlike normal PBMCs, proliferation of PBMCs from microfilaremic individuals remained unaffected by treatment with plasma of infected subjects, and the monocytes were found to be relatively resistant to BpA-induced apoptosis.
We conclude that induction of monocyte apoptosis contributes to proliferative suppression of normal PBMCs in vitro, but this may not be the underlying cause of defect in T-cell proliferation and hyporesponsiveness observed in microfilaremic individuals.
The incongruous observations-differential susceptibility of monocytes from normal vs microfilaremic individuals to filarial antigen-induced apoptosis are supported by evidence in literature in the context of the ability of filarial antigen to bind to TLR4 [15, 31] and suppressed expression of TLRs in filarial-infected subjects [32] , as well as our demonstration in the present study that filarial antigen-induced apoptosis of normal monocytes/macrophages is TLR4 dependent. Another interesting observation in the present study-significantly higher propensity of normal human monocytes toward BpA-mediated apoptosis compared with that of normal human lymphocytes, can be explained by the fact that expression of TLR4 in humans is significantly higher on CD14 + monocytes than CD4 + /CD8 + T lymphocytes [33] or B lymphocytes [34] .
Earlier results in the literature suggest qualitative difference between cells of normal and infected subjects in filariasis. Ex vivo microarray analysis of monocytes [14] revealed significantly increased expression of genes related to apoptosis (eg, BCL2A1, IL1β, and TNFAIP3) in microfilaremic individuals, in comparison to normal individuals. The antiapoptotic role of BCL2A1 [35] , IL1β [36] , and TNFAIP3 [37] has already been reported, implying that monocytes of infected individuals could be resistant to apoptosis. Furthermore, 2 populations of human monocytes have been recognized recently-namely, the CD14 + CD16 − monocytes and CD14 + CD16 + proinflammatory monocytes [38, 39] . Global transcriptomics and proteomics approaches have revealed that at the basal level, CD14 + CD16 + human monocytes characteristically have higher expression of proapoptotic genes and lower expression of antioxidative genes that make them increasingly susceptible to apoptosis compared with CD14 + CD16 -monocytes [40] . Our observation of significantly higher proportion of CD14 + CD16 + monocytes in normal PBMCs is in agreement with their increased susceptibility to apoptosis. Furthermore, studies involving whole genome expression analysis have revealed that CD14 + CD16
+ monocytes are at an advanced stage of differentiation and not only have preferential expression of markers of DCs (SI-GLEC10, CD43, CXCL16, RARA) and macrophages (eg, CSF1R, MAFB, CD97, C3AR) [41] , but also have selective up-regulation of genes related to antigen processing and presentation [42] . The poor proliferative response of PBMCs of filariasis-infected subjects demonstrated in this study ( Figure 6A ) can be partly explained by the significantly lower proportion of CD14 + CD16 + monocytes observed in CFA + /infected individuals ( Figure 6D) .The above evidence and observations of the present study offer credence to our proposal that circulating monocytes are qualitatively and functionally different in normal and filariasis-infected subjects and that immunological studies performed with immune cells from healthy donors to elucidate the phenomenon of immunosuppression could lack relevance in a real-life disease situation. Several studies performed with host cells derived only from normal healthy subjects (and not from infected patients) have been reported in the literature-for example, in influenza A virus [21] , HIV [22] , Mycobacterium tuberculosis [28] , Toxoplasma gondii [43] , Trypanosoma evansi [44] , Brugia malayi [7, 11, 19, 20, 45] , Necator americanus [46] , Onchocerca volvulus [47] , and Wuchereria bancrofti [48] -to gain insights on immunosuppression. There is clearly a need to interpret these findings with caution, as the response of cells of infected individuals could differ significantly from those of normal controls in the context of our observations on differential susceptibility of infected and normal monocytes to antigen-induced apoptosis.
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